Background: BAK and BAX permeabilize the mitochondrial membrane during apoptosis. Results: Helices ␣2-␣5 of BAK form the "BH3-in-groove homodimer" in the membrane, which oligomerizes by juxtaposing the carboxyl termini of ␣3 and ␣5, respectively. Conclusion: A novel "␣3:␣3Ј, ␣5:␣5Ј oligomerization interface" exists in the BAK oligomeric pore. Significance: These results support a model for BAX/BAK pore formation, which constitutes a key regulatory step in mitochondrial apoptosis.
The multidomain pro-apoptotic Bcl-2 family proteins BAK and BAX are believed to form large oligomeric pores in the mitochondrial outer membrane during apoptosis. Formation of these pores results in the release of apoptotic factors including cytochrome c from the intermembrane space into the cytoplasm, where they initiate the cascade of events that lead to cell death. Using the site-directed spin labeling method of electron paramagnetic resonance (EPR) spectroscopy, we have determined the conformational changes that occur in BAK when the protein targets to the membrane and forms pores. The data showed that helices ␣1 and ␣6 disengage from the rest of the domain, leaving helices ␣2-␣5 as a folded unit. Helices ␣2-␣5 were shown to form a dimeric structure, which is structurally homologous to the recently reported BAX "BH3-in-groove homodimer." Furthermore, the EPR data and a chemical crosslinking study demonstrated the existence of a hitherto unknown interface between BAK BH3-in-groove homodimers in the oligomeric BAK. This novel interface involves the C termini of ␣3 and ␣5 helices. The results provide further insights into the organization of the BAK oligomeric pores by the BAK homodimers during mitochondrial apoptosis, enabling the proposal of a BAK-induced lipidic pore with the topography of a "worm hole."
Apoptosis, or programmed cell death, is an essential biological process in embryogenesis and in the maintenance of homeostasis in higher eukaryotic organisms (1) . BAX 2 (Bcl-2-associ-ated X protein) or its homolog BAK (Bcl-2 antagonist/killer) acts as a key control point in the mitochondrial cell death pathways, which permeabilize the mitochondrial outer membrane (2, 3) . BAX and BAK normally remain inactive in the cytosol and in the mitochondrial outer membrane, respectively (4, 5) . Upon activation by various cell death signals, each protein oligomerizes via homo-dimerization (6 -8) , forming large pores in the outer membrane of mitochondria with an estimated diameter of ϳ30 -60 Å (9, 10) (see Fig. 1A ).
Recently, a symmetric homodimer x-ray structure of a BAX fragment consisting of helices ␣2-␣5, known as "BH3-ingroove homodimer," was reported by Czabotar et al. (6) (Fig.  1A) . In this two-layered structure solved in the absence of membrane, helices ␣2 and ␣3 were arranged in an anti-parallel orientation forming the upper hydrophilic face and helices ␣4 and ␣5 were assembled in the lower layer presenting a hydrophobic surface (Fig. 1A) , which is hypothesized to interact with the membrane and further oligomerize to form oligomeric pores (6) . How the BH3-in-groove homodimers, i.e. the ␣2-␣5 homodimer cores, are arranged in the pores is still unknown (6, 11) .
In this current study, using the site-directed spin labeling method of electron paramagnetic resonance (EPR) spectroscopy (12) , we measured the distances between 13 pairs of spinlabeled residues both in solution and in a membrane-inserted state in liposomes to map the conformational changes that occur in BAK upon membrane insertion (Fig. 1, B and C) . The site-directed spin labeling method was also applied to residues in the ␣5-␣6 helical hairpin in BAK to determine the organization of BAK molecules within the oligomeric pore in the membrane. These results support the formation of a BAK homodimer in the membrane that is structurally homologous to the BAX BH3-in-groove homodimer in crystals (6) . Furthermore, the EPR and chemical cross-linking data reveal a novel interaction between the BAK BH3-in-groove homodimers in the oligomeric BAK, which involves the C termini of ␣3 and ␣5 helices (i.e. the C termini of ␣3 and ␣3Ј and the C termini ␣5 and ␣5Ј). The data provide critical insights as to how BAK or BAX forms the homodimers and how they interact with each other in the membrane for higher order oligomerization and probable lipidic pore formation.
EXPERIMENTAL PROCEDURES
Expression and Purification of Recombinant Proteins-All single, double, and triple cysteine substitution BAK mutant proteins were prepared using the template plasmid pPosKJ-sBAKC154S-CHis engineered with the QuikChange Site-directed mutagenesis kit (Stratagene) as described (13) . All soluble forms of mouse BAK proteins contain residues 16 -184 (helices ␣1-␣8), with a C-terminal His 6 tag and a C154S amino acid substitution mutation (designated as sBAK/C154S-⌬C-His) (13) . N-terminally His-tagged p7/p15 Bid (designated as p7/p15 Bid) was prepared from the full-length p22 Bid protein by cleavage with caspase-8 (14, 15) . All of the above proteins were treated with 18% (v/v) glycerol for storage at Ϫ80°C.
Spin Labeling Reaction-The sBAK/C154S-⌬C-His proteins containing cysteine mutations were spin labeled with the methanethiosulfonate (MTSSL) or the perdeuterated MTSSL (MTSSL-d 15 ) (Toronto Research Chemicals, Inc., Toronto, Canada) and unreacted spin labels were removed by gel filtration chromatography using a Supredex 75 column (GE Healthcare) as described (13) . The spin-labeled proteins were concentrated to 1-10 mg/ml using mini-centrifugal concentrators. The protein concentration was determined by Bradford assay using a Bio-Rad Protein Assay solution (Bio-Rad) with BSA as a standard. The spin labeling efficiency (spin labeling percentage) was calculated from the molar ratio of the spin label and protein concentrations. To determine the spin label concentration, the spin labels were liberated from the protein by incubating the sample with 50 mM tris(2-carboxyethyl)phosphine for 30 min at room temperature (16) . The spin label concentration was then quantitated by measuring the intensity of the EPR signal (either peak height or spectral area by double integration) of the samples using 10 -100 M 3-carboxyproxyl (Sigma) as a standard.
Preparation of Large Unilamellar Vesicles (LUVs)-LUVs that facilitate the targeting of His-tagged proteins were prepared with a mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, beef liver phosphatidylinositol, beef heart cardiolipin, cholesterol, and DOGS-NTA-Ni (all from Avanti Polar Lipids, Inc.) at a weight ratio of 36:22:9:8:20:5 in 20 mM Hepes, 150 mM KCl (pH 7.0) (buffer A) as described (16) . The lipid composition of thus prepared LUVs resembles that of the mitochondrial outer membrane contact sites (17, 18) . LUVs encapsulating fluorescein isothiocyanate-dextran 10 (FITC-dextran, 10 kDa, Invitrogen) were also prepared with the same lipid composition and stored in the presence of 18% (v/v) glycerol at Ϫ80°C as described (14, 19 -21) . The liposomes were quantitated by phosphate assay (22) .
Liposomal Release Assay-Liposome dye release experiments were carried out with the spin-labeled sBAK/C154S-⌬C-His proteins (5 nM) in the presence of 25 nM N-terminally Histagged p7/p15 Bid after a 25-min incubation at 37°C as described (16) . To measure the dye-release activity of the cysteine substitution mutant BAK proteins, each corresponding spin-labeled protein was treated with 50 mM tris(2-carboxyethyl)phosphine for 30 min at room temperature (16) and diluted to a proper concentration for dye release assay. Alternatively, cysteine substitution mutant proteins (stored in 2 mM DTT) were directly used without tris(2-carboxyethyl)phosphine treatment.
The extent of release of the FITC-labeled dextran 10 from the LUVs was determined on a percentage basis as described (16) . To account for the batch-to-batch variation in the extent of FITC-dextran release from the liposomes, the percent release of the FITC-dextran by the sBAK/C154S-⌬C-His protein (5 nM) was measured in the presence of 25 nM N-terminally Histagged p7/p15 Bid as a reference for each liposomal preparation. The relative percent release of samples was then standardized against the reference. In all assays, the concentration of LUVs was 10 g/ml of lipids or 0.125 nM as described (16) . The relative percent release of each of the spin-labeled proteins was further corrected by subtracting the contribution of the unlabeled cysteine substitution BAK protein present in the spinlabeled samples as follows,
where T is the relative percent release of the spin-labeled sample (i.e. mixture of spin labeled protein and unlabeled protein), C is the relative percent release of the cysteine substitution mutant protein (without spin labeling), and is the fraction of the spin-labeled protein in the sample (ϭspin labeling percentage/100). In this calculation, it was assumed that the dye-releasing activity of the mixture of a spin-labeled protein and an unlabeled one is additive and that the activity of each protein is approximately proportional to its protein concentration in the range of 0 -5 nM.
Preparation of Membrane-inserted BAK Protein-Membrane-inserted sBAK-⌬C-His proteins were prepared in the presence of the equimolar activator protein p7/p15 Bid with a mixture of the spin-labeled sBAK-⌬C-His proteins and the unlabeled soluble BAK molecule (sBAK/C154S-⌬C-His) at various ratios such as 7:0, 3:4, and 1:6 (labeled:unlabeled BAK) as described (13) , which were designated as 7:0, 3:4, or 1:6 mixture, respectively. Loosely bound sBAK-⌬C-His proteins and the Ni 2ϩ ions bound to the DOGS-NTA-Ni in the proteoliposomes were removed by EDTA treatments and centrifugation as described (13) . For the cross-linking experiment, a number of cysteine substitution mutant proteins of sBAK/C154S-⌬C-His were used to make the membrane-inserted BAK proteins following the same procedures as described here.
Continuous Wave (CW) EPR Spectroscopy-The CW deconvolution method (23) was used to determine the distance between the R1 residues in BAK that are apart less than 20 Å in solution or in membrane-inserted state. EPR spectra of the singly or doubly spin-labeled sBAK-⌬C-His proteins in 18% (v/v) glycerol solution were obtained on a Bruker EleXsys 580 spec-trometer using a Bruker High Sensitivity resonator or a loop gap resonator (JAGMAR, Krakow, Poland) at 2 milliwatt incident microwave power using a field modulation of 1.0 -1.5 Gauss at 100 kHz at room temperature. EPR spectra for membrane-inserted spin-labeled BAK samples were also obtained similarly. To measure the distance between two R1 residues in the BAK protein in solution, the line-broadening function and the distance distribution function were calculated using the spectrum of the doubly labeled sample and the spectral sum of the singles for each pair of spin labels by the deconvolution method (23) using a program developed by Altenbach (24) . In this calculation, the percentage of interacting and non-interacting (due to contaminating singly labeled protein) spin populations are optimized to calculate the line-broadening function (24) . In the membrane-inserted form (e.g. 83R1/135R1), first, a 1:6 (mol/mol) mixture of the doubly labeled protein and sBAK/ C154S-⌬C-His was used to form oligomeric BAK pores in the membrane under the same conditions as described above. Then, a mixture of the corresponding singly labeled proteins (e.g. 83R1 and 135R1) and sBAK/C154S-⌬C-His at a ratio of 1:1:5 (mol/mol) was used to form pores similarly in the membrane. The spectra of these two samples were used for the deconvolution method (23) for distance estimation.
Pulse EPR Spectroscopy-The double electron electron resonance (DEER) method was used to determine the inter-spin distances in the range of ϳ20 -50 Å. DEER measurements were carried out at 80 K using the Bruker EleXys 580 system equipped with the flexline split-ring resonator ER 4118X-MS-3W1 using samples treated with 18% (v/v) glycerol. A fourpulse DEER sequence (25) was used for data acquisition using the PulseSPEL program provided by Bruker. The electron-electron double resonance pulse length was set to 32 ns. A 2-step phase cycling was performed while recording the DEER signal. The total measurement time for each sample varied from several hours to days with signals averaging of up to 600 times. Data were analyzed primarily with DeerAnalysis2006 (26) to extract the distance information. DEFit program (27) or the Global Analysis program (28) were also used to check the analysis result by the DeerAnalysis2006.
Direct Spectral Simulation of Perdeuterated Spin Label R1-d15 at Residue 128 (128R1-d15) for Inter-spin Distance Estimation-Spectra simulation and fitting were performed as previously described (29 -31) using a modified set of coordinate systems and corresponding rotation operators that impose C2 symmetry on the two dipolar coupled nitroxides. The fundamental coordinate system {x,y,z} was defined by the inter-electron vector, R{z}, and the C2 symmetry axis {y}. The orientation of the first nitroxide with respect to {x,y,z} was determined by three Euler angles (␥, ␤, ␣) and was located at ϩR/2 along the z axis. The second nitroxide was obtained by rotating the first by 180°about the y axis. The orientation of the magnetic field, H 0 , with respect to {x,y,z} was determined by Euler angles and . Following previously published work (30) , the A-tensors for nitroxides 1 and 2 were given by,
where A d is the diagonalized nitrogen hyperfine tensor for both nitroxides. Similar equations were applied to the g-tensors. The unique element of the dipolar coupling tensor was given by,
where r, the inter-electron distance, and all the other terms and symbols were as previously defined (30) . Fitting was performed using Marquardt-Levenberg and simulated annealing algorithms developed in house. All code was developed in MATLAB R2012B (The Mathworks, Natick MA) and is available from the author (E.J.H.) upon request (28) . Homology Modeling of the Mouse BAK ␣2-␣5 Homodimer Core-The homology model of the mouse BAK BH3-in-groove homodimer (␣2-␣5 homodimer core) was constructed using the crystal structures of the human BAX BH3-in-groove homodimer (Protein Data Bank code 4BDU) (6) and the human BAK solution structure (Protein Data Bank code 2IMS) (32) using COOT (33) .
In Vitro Chemical Cross-linking by Disulfide Bond Formation-Oligomeric BAK formation was assessed by disulfide bond formation adapting the published procedures (34) as follows. The cysteine-substituted sBAK/C154S-⌬C-His protein samples in the membrane-inserted state were prepared as described above and diluted in buffer A (pH 7.0) to a final concentration of 15-20 M. As a control for the solution state of BAK, an equimolar mixture of cysteine-substituted sBAK/C154S-⌬C-His protein and p7/p15 Bid was prepared in buffer A at a similar concentration for each mutant. For cross-linking, a volume of 8 l BAK samples (in solution or in membrane) was added to 10 l of 2ϫ reaction buffer (40 mM Hepes/KOH, pH 7.5, 300 mM KCl, 200 mM sucrose, 5 mM MgCl 2 , 2 mM NaAsO 2 ). The mixture was then treated with 2 l of 10ϫ CuPhe (copper(II)/(1,10phenanthroline) 3 ) redox catalyst solution on ice for 30 min, where the 10ϫ CuPhe solution consisted of 150 mM copper sulfate (Sigma), 500 mM 1,10-phenanthroline (Sigma) in 20% (v/v) ethanol. The reaction was quenched by treating the reaction mixture with an equal volume (20 l) of 2ϫ quenching buffer (200 mM EDTA, 40 mM N-ethylmaleimide (Sigma), 130 mM Tris-HCl buffer, pH 6.8). As a control experiment (without cross-linking), identical steps were carried out with the same set of protein samples in the absence of CuPhe. All the resulting cross-linked or control samples were then diluted to a final concentration of ϳ0.5 M (ϳ10 ng/l) BAK using the dilution buffer that was prepared by mixing 2ϫ quenching buffer, 2ϫ reaction buffer, buffer A, and the deionized water at a volume ratio of 10:5:4:1. A mixture of 10 l of the resulting diluted BAK samples (ϳ100 ng) and an equal volume of 2ϫ gel loading buffer (130 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 0.05% (w/v) bromphenol blue with or without 200 mM DTT) was loaded onto 4 -20% Precise Protein Gels (12-well, Pierce). The resulting gels were subjected to Western blot analysis with anti-BAK, NT antibody (Millipore) and anti-rabbit IgG (Goat), HRP-labeled (PerkinElmer Life Sciences) as the primary and secondary antibodies.
RESULTS

Most of the Spin-labeled BAK Proteins for Distance Measurement Retained Membrane-permeabilizing Activity
The 13 double cysteine substitution mutants of soluble BAK proteins (sBAK/C154S-⌬C-His) ( Fig. 1B ) displayed average spin labeling efficiency, ranging from ϳ40% to almost 100% per thiol ( Fig. 1D ). All these samples demonstrated partial to full activity in liposome permeabilization as a mixture of spin-labeled and unlabeled proteins ( Fig. 1E ). To make corrections for the contribution by the unlabeled proteins, the activity of cys-teine substitution mutant proteins were determined (Fig. 1G ). The corrected relative percent release was calculated as described under "Experimental Procedures" (Fig. 1F ). Spin-labeled BAK mutants 75R1/122R1, 83R1/122R1, 83R1/135R1, 99R1/146R1, and 135R1/162R1 displayed ϳ50 to ϳ85% activity relative to the fully active parent molecule with a C154S substitution (sBAK/C154S-⌬C-His, Fig. 1F ). The rest of the doubly spin-labeled proteins retained full membrane permeabilizing activity ( Fig. 1F ). We thus determined the inter-nitroxide distances with these proteins in solution and in the membrane-inserted state by either the CW deconvolution method (for distance range of 6 -20 Å) or the DEER method (for distance range of 20 -50 Å) as summarized in Fig. 2 and Table 1 .
Inter-nitroxide Spin Label Distances in BAK in Solution State
Spin-labeled residues 30R1 and 154R1, located on two neighboring helices ␣1 and ␣6, respectively, in the solution structure (Figs. 1B and 2C), were separated by 9.0 Å distance (top panel in Fig. 2A , right panel in Fig. 2B ), close to the predicted C ␤ -C ␤ distance (i.e. 8.1 Å) (Table 1) . Similarly, 83R1 and 122R1, which are located in the ␣2-3 loop and at the amino terminus of the ␣5 helix, respectively, were apart by 12.2 Å, close to the predicted C ␤ -C ␤ distance (11.2 Å) ( Fig. 2, A and B , Table 1 ). The measured inter-spin distances for other pairs by either the CW or DEER methods (Fig. 2, A and B) were all greater than the known C ␤ -C ␤ distances by 4 -10 Å (Table 1) , which can be attributed to location-specific rotameric structures of the spin label in the R1 side chain (35, 36) .
Intramolecular Inter-nitroxide Distances in Membraneinserted BAK Reveal Conformational Changes in BAK upon Membrane Insertion
In the presence of 6-fold excess of unlabeled BAK protein (sBAK/C154S-⌬C-His) ( Fig. 3A , left panel), we were able to successfully detect the DEER modulation for pairs of nitroxide spin labels within a monomer that constitutes the BAK oligomeric pore in the membrane (Figs. 2B and 3B, Table 1 ). In control experiments with mixtures of two singly labeled proteins and the unlabeled protein at a molar ratio of 1:1:5 (Fig. 3A, right panel) , the DEER modulations were not observed ( Fig. 3B , green traces), demonstrating that the above condition (i.e. in the presence of 6-fold excess unlabeled proteins) ensured the detection of the intramolecular spin-spin interactions specifically. The short inter-spin distance for 83R1/135R1 in the membrane was determined by the CW method under similar conditions ( Fig. 2A ) (see also Table 1 ). The data summarized in Fig. 2 and Table 1 collectively revealed the following conformational changes.
Disengagement of Helices ␣1 and ␣6-The distances between 30R1 on helix ␣1 and two other locations on helices ␣2 (75R1) and ␣6 (154R1) were measured in solution and in the membrane-inserted state of BAK (Fig. 2 ). The distance for 30R1/ 75R1 increased from ϳ27 Å to a distance beyond the detection limit (50 Å) ( Fig. 2B and Table 1 ). Similarly, the distance for 30R1/154R1 also increased from 9.0 Å to a distance beyond the detection limit (50 Å) ( Fig. 2, A and B, and Table 1 ). These indicated that helix ␣1 is removed from both helices ␣2 and ␣6 in the membrane-inserted state ( Fig. 2C ) as was qualitatively observed with antibodies in BAX by others (37) . Consistent with this interpretation, two residues, 55R1 and 146R1, which are located in the loops interconnecting helices ␣1 and ␣2 (designated as ␣1-2) and helices ␣5 and ␣6 (␣5-6), respectively, became separated from each other by an average distance of ϳ50 Å in the membrane-inserted state (Fig. 2B , Table 1 ).
Residues 122R1 and 164R1 that are located, respectively, near the amino terminus of helix ␣5 and the carboxyl terminus of ␣6 were apart by 22.6 Å in the solution state ( Fig. 2B , Table 1 ). In the membrane, the 122R1/164R1 distance increased to a distance beyond detection (Ͼ50 Å) ( Fig. 2B) , indicating that the ␣5-␣6 helical hairpin structure is disrupted upon membrane insertion (Fig. 2C ). Consistent with this, the distances for spin label pairs, 135R1 (␣5)/154R1 (␣6), 135R1 (␣5)/162R1 (␣6), and 135R1 (␣5)/164R1 (␣6), all increased upon membrane insertion of BAK (Fig. 2 ). In addition, the distances from 107R1 on helix ␣4 to two ␣6 residues 154R1 and 164R1 also increased in the membrane (Fig. 2B , Table 1 ), indicating that ␣6 also moves away from helix ␣4 in the membrane (Fig. 2C ). The above results together indicated that helices ␣1 and ␣6 disengage from each other and also from the rest of the protein domains upon membrane insertion (Fig. 2C) .
Reorganization of the ␣2-␣5 Core Folding Unit-The distances between several spin labels located within helices ␣2-␣5 of BAK were determined in the membrane-inserted state to determine whether the BAK molecule is unfolded globally upon membrane insertion ( Fig. 2B , Table 1 ). Unexpectedly, the average distance between 99R1 and 146R1 that are located in the ␣3-4 and ␣5-6 loops, respectively, remained almost the same before and after membrane insertion ( Fig. 2B ), which were 23.3 (Ϯ3.3) Å and 23.6 (Ϯ5.5) Å, respectively ( Table 1 ). The small increase in the standard deviation of the distance distribution function upon membrane insertion indicated a slight increase in the flexibility of the two loops in membrane. These indicated that ␣3-4 and ␣5-6 loops remain close to each other even after BAK inserts into the membrane (Fig. 2C) . Additionally, the dis- A, oligomeric pore formation by BAX (or BAK). BAX (or BAK) monomers (41) are hypothesized to form oligomeric pores in the mitochondrial outer membrane, first forming the BH3-in-groove homodimer (6) on the membrane surface, in which helices ␣2-␣5 are highlighted in green and blue. B, sequence alignment of BAX and BAK proteins and the locations of site-directed spin labeling. The residue locations selected for cysteine substitution mutagenesis and spin labeling reaction or chemical cross-linking experiments in mouse BAK (mBAK, middle lines) are marked with colored dots above the amino acid sequences, which are aligned against human BAK and BAX proteins. The yellow and red dots represent the sites selected for spin labeling BAK singly and doubly, respectively. The cyan dots represent sites used for cross-linking experiments. Sequence similarities between the three proteins are rated with a star, colon, dot, and no sign (from the highest to lowest similarity). The ␣-helices and BH1-3 domains are indicated. This figure was adapted from Oh et al. (13) . C, site-directed spin labeling (SDSL) reaction. The MTSSL reacts with the cysteine to form a spin-labeled cysteine residue designated as R1. D, spin labeling efficiency. The average percentage of spin labeling per cysteine residue is shown with the error ranges for each mutant from two experiments. The protein concentrations for certain mutants, e.g. 135R1/164R1, determined by the Bradford assay, might have been underestimated due to cysteine mutagenesis and/or spin labeling, resulting in % labeling efficiency and relative percent release (see Fig. 1E ) values greater than 100%. E, the relative percent release of fluorescein isothiocyanate (FITC)-dextran (10 kDa) by the spin-labeled sBAK-⌬C-His proteins before correction for unlabeled cysteine mutant proteins. Liposome dye release experiments were carried out with the indicated spin-labeled sBAK/C154S-⌬C-His proteins (5 nM) in the presence of 25 nM N-terminally His-tagged p7/p15 Bid as described under "Experimental Procedures" (13) . The error range is from duplicate experiments (except for 99R1/146R1). F, the relative percent release of FITC-dextran (10 kDa) by the spin-labeled sBAK-⌬C-His proteins after correction for unlabeled cysteine proteins. The contribution of the activity by the unlabeled proteins was corrected for each spin-labeled mutant protein as described under "Experimental Procedures." G, the relative percent release of FITC-dextran (10 kDa) by the cysteine substitution sBAK-⌬C-His proteins without spin labeling. The dye release activity of the cysteine substitution sBAK-⌬C-His proteins was determined as described in E. All the ribbon diagrams were generated in PyMOL (42).
FIGURE 2. Distance between two spin labels in the doubly spin-labeled BAK mutants in solution and membrane-inserted states.
A, CW EPR spectra of spin-labeled pairs in BAK in solution or in the membrane inserted state. The EPR spectra from the indicated doubly spin-labeled proteins, shown in blue (in solution) and red (in membrane) traces, were normalized to a unit area. The spectral sums of the normalized EPR spectra for the individual R1s in each pair are shown in green (for details, see "Continuous Wave (CW) EPR Spectroscopy" under "Experimental Procedures"). The simulated spectra calculated from the CW deconvolution method for the double mutants (23) , showing large line broadening due to the close proximity of the spin labels, are in dotted gray traces. The corresponding distance distribution functions are shown in blue (in solution) and red (in membrane) traces in B (right column) along with the data obtained from the DEER experiments. B, DEER signals and distance distribution probability functions for the R1 pairs in BAK in solution or in the membrane-inserted state. The background-subtracted DEER signals are shown for the BAK mutants with spin labels attached at the indicated positions in solution (blue traces in the graphs on the left column) or in the membrane-inserted state (red traces in the graphs on the left column). Black dotted lines associated with each DEER signals represent the fitted DEER signals. The distance distribution probability functions, P(r), for the corresponding samples obtained either by the Tikhonov regularization or by Gaussian fit are also shown in blue and red traces, for solution and membrane-inserted states, respectively, in the right column. C, schematic representation of conformational changes occurring in BAK upon oligomeric pore formation in membrane. Red dots represent R1 residues. Helices ␣1 and ␣6 (and thus ␣7-␣8 as well) move away from helices ␣2-␣5, which appear to be bundled together. Helix ␣9 is not present in the soluble BAK.
tance between residue 75R1 on helix ␣2 and residue 122R1 at the amino terminus of helix ␣5 increased by less than 6 Å from 21.5 to 27.1 Å upon membrane insertion (Fig. 2, B and C, Table  1 ). Noting that these two BAK mutants, 99R1/146R1 and 75R1/ 122R1, were 60 -85% as active as the parent C154S BAK molecule ( Fig. 1F) , the results above suggested that helices ␣2-␣5 are folded together in the membrane-inserted state (Fig. 2C) .
The inter-spin distances from 83R1 to two other positions, 122R1 at the N terminus of ␣5 and 135R1 that is ϳ3 helical turns away from it, further supported the above finding. Residue 83R1 is located in the short ␣2-3 loop ( Figs. 1B and 2C) . The inter-nitroxide distance for the 83R1/122R1 pair increased from 12.2 to 21.5 Å upon membrane insertion of BAK (Fig. 2, A and B, Table 1 ). In contrast, the distance for 83R1/135R1 decreased from 26.4 Å to 10.6 Å upon membrane insertion (Fig. 2, A and B, Table 1 ). This indicated that 83R1 moves away from the N terminus of ␣5 (i.e. 122R1) but toward the C terminus of ␣5 (i.e. 135R1) upon membrane insertion of BAK as schematically shown in Fig. 2C .
Distance Measurements Suggest That Helix ␣5 Is Juxtaposed in an Anti-parallel Orientation in the BAK Homodimer
Proximity of ␣5 Residues in Oligomeric BAK Pore by CW Experiments-Previous chemical cross-linking studies suggested an anti-parallel juxtaposition of the ␣2-␣3 extended helices to form the "BH3:BH3 interface," forming a symmetric BAK dimer (8) . For the reorganized BAK monomer (Fig. 2C ) to form such a symmetric dimer, other domains including ␣5 should also be brought close to each other as in the BAX BH3in-groove homodimer (6) (see Fig. 1A ). To test this, we carried out scanning spin dilution experiments using the single cysteine substitution mutant proteins in helix ␣5 (residues 122-145) of BAK in the membrane-inserted state (Fig. 4) . Among the tested residues, 124R1, 128R1, 142R1, and 143R1 clearly showed a spin dilution effect (h d /h 0 Ͼ1.25) (Fig. 5A) . The approximate inter-spin distances were successfully calculated for 124R1, 142R1, and 143R1 with the CW deconvolution method (23) by approximating the spectra of the spin-diluted samples (3:4 mixture) as the unbroadened EPR signal (Fig. 5A) . The distances were 15.0, 18.0, and 12.7 Å for 124R1, 142R1, and 143R1, respectively (Fig. 5B) .
BAK 128R1 showed a strong spin-spin interaction in the membrane-inserted state in the absence of extra sBAK/C154S-⌬C-His (7:0 mixture) (red trace in Fig. 5A ). This is evidenced by the splitting in the EPR spectrum of BAK 128R1 indicated by the red arrows in Fig. 5A (also see Fig. 5C , bottom panel). Note that this splitting was not observed in the presence of excess unlabeled protein sBAK/C154S-⌬C-His (3:4 mixture) (black trace in Fig. 5A ), in which 3 parts of the spin-labeled BAK 128R1 is mixed with 4 parts of the unlabeled sBAK/C154S-⌬C-His for pore formation in the membrane. These results indicate that residue 128R1 is at or near the homo-dimerization/oligomerization interface, consistent with the BAK homology model of the BH3-in-groove homodimer that was built after the BAX BH3-in-groove homodimer (6) (Fig. 5F) .
To determine the inter-nitroxide distance between two neighboring 128R1 residues accurately, a perdeuterated spin label, MTSSL-d 15 , was used to get the 128R1-d15 spectra with and without spin dilution (Fig. 5C ). The inter-spin distance was estimated by direct spectral simulation of the EPR spectra (29 -31) , resulting in the distance r of 14.3 Å (Fig. 5C, bottom  panel) . This is close to the C ␤ -C ␤ distance of 11.0 Å for the two nearby Ala-128 residues in the mouse BAK homology model of the BAX BH3-in-groove homodimer (6) , indicating that BAK forms a homodimer structure similar to BAX (Fig. 5F) .
Proximity of ␣5 Residues in Oligomeric BAK Pore by DEER Experiments-DEER measurements with the BAK oligomers formed with the singly spin-labeled BAK proteins also gave additional distances between neighboring ␣5 residues that are apart greater than 20 Å (Fig. 5D ). Residues 122R1 and 135R1 gave very clear DEER modulation curves (Fig. 5D ). The distances for the nearest spin labels for 122R1 and 135R1 were 30.9 and 32.0 Å, respectively. These values were greater than their corresponding C ␤ -C ␤ distances in the homology model of BAK BH3-ingroove homodimer, which were 24.4 and 22.0 Å, respectively (Fig.  5F ). This discrepancy is likely to have originated from the R1 side chain orientation that has a ϳ7.5 Å length (24) .
Anti-parallel Arrangement of ␣5 Helices-Of note, residues 122R1 and 135R1, which are near the N terminus (residue 123) and near the center of helix ␣5 (Fig. 5E ), gave very similar distances (Fig. 5D ). We also note that residues 124R1, 
Inter-spin distance in BAK in solution state and in the membrane-inserted state
Average distances between the indicated spin label pairs (first column) introduced in BAK mutants shown in Fig. 2 are summarized for the solution (third column) and membrane-inserted (fourth column) states in this table. The C ␤ -C ␤ distances for the original amino acid pairs are shown in the second column. 128R1, 135R1, 142R1, and 143R1 are angularly clustered on one side of helix ␣5 (Fig. 5E ). Interestingly, residues 124R1, 128R1, and 142R1 are all within ϳ20 Å distance from their nearest neighbors (i.e. 124R1Ј, 128R1Ј, and 142R1Ј, Fig. 5B ), whereas the intercalating residue 135R1 is much farther removed from its nearest neighbor (135R1Ј) at ϳ32 Å distance (Fig. 5D ). This indicates that two neighboring ␣5 helices are brought close to each other near the amino (i.e. near 124R1 and 128R1) and the carboxyl termini (e.g. near 142R1 and 143R1) of the helix, but not near the middle of it (e.g. 135R1). This indicates anti-parallel arrangement of two neighboring ␣5 helices as in the case of the BAX BH3-ingroove homodimer structure (6) ( Fig. 5F ), suggesting that the arrangement of the ␣5 helices in BAK homodimer in the membrane is very similar to that of BAX BH3-in-groove homodimer x-ray crystal structure. The results also exclude the possibility of domain-swapped dimer formation by BAK, unlike in the case of BCL-X L (38) or BAX (6).
Spin label pairs C ␤ -C ␤ distance in solution structure
Inter-spin distance in solution (؎S.D) by DEER or CW
Inter-spin distance in membrane (؎S.D.) by DEER or CW
In addition, the close proximity of residues 142R1 and 143R1 to their respective nearest neighbors (Fig. 5, B and E) indicates that two neighboring symmetric BH3-in-groove homodimers are also interacting with each other near the carboxyl termini of the helix 5 in the oligomeric structure (Fig. 5F ). High spin labeling efficiency and high activity in membrane permeabilization observed for BAK 122R1 (13), 135R1 and 143R1 strongly support this interpretation (Fig. 4, B and C) .
Distance Measurements between ␣6 Residues Indicate That the Two Neighboring ␣6 Helices Are in a Trapezoidal Arrangement
Residues 149R1, 151R1, and 154R1 in the membrane-inserted BAK were separated from their closest neighbors at a distance of 23.6, 25.6, and 27.0 Å, respectively, by the DEER measurements (Fig. 6A ). These R1 residues in the ␣6 helix had high spin labeling efficiencies (Ͼ80%) and intact membranepermeabilizing activities (Fig. 4 ). Residue 162R1 located near Only the intramolecular spin-spin interactions between the two nitroxide spin labels (XR1-YR1) will be observed by the DEER approach because the distance between the doubly labeled BAK proteins increase beyond the detection limit. Right panel, a mixture of two singly spin-labeled BAK proteins (green dots) is used in the presence of unlabeled BAK (sBAK/C154S-⌬C-His) at the indicated ratio to form pores. DEER modulations will not be observed in the mixture of two singly labeled proteins due to an increase in the inter-spin distance by dilution with the unlabeled proteins. A CW experiment can also be performed this way. B, DEER data for the doubly spin-labeled proteins and a mixture of two singly labeled proteins in the presence of excess unlabeled proteins. The DEER modulation curves for the indicated membrane-inserted BAK samples prepared with the doubly labeled BAK or the mixture of two singly labeled proteins are shown in red and green traces, respectively. Their two-dimensional (left panels) or three-dimensional (right panels) background signals fitted are shown in black solid lines (for the doubly labeled sample) or black dotted lines (for the mixture of two singly labeled BAK).
the C terminus of ␣6, however, was much closer to its nearest neighbor 162R1Ј with the inter-spin distance of 5-12 Å with a broad distance distribution in a one or two Gaussian fit (Fig.  6B) . Similarly, another C-terminal residue 163R1 was also in close proximity to its neighboring residue (163R1Ј) (Fig. 6B) . Given the adsorption of helix ␣6 to the membrane surface, 3 consistent with its amphipathic nature, the distance constraints above indicate that two neighboring ␣6 helices are in one of the two possible trapezoidal arrangements with their C termini brought close to each other; in pseudo parallel (Fig. 6C) or pseudo-anti-parallel orientation on the membrane surface (Fig. 6D ).
Additional Distance Measurements and Cross-linking Studies Further Reveal the Organization of the BAK BH3-in-groove Homodimers in the Oligomeric BAK
Proximity of the Carboxyl Termini of Helix 3 in the Oligomeric BAK-Based on (i) possible adsorption of the BAK "BH3in-groove dimer" to membrane surface (6), (ii) the close proximity of C-terminal residues of ␣5 helices, e.g. 142R1 and 143R1 ( Fig. 5B) , and (iii) the possible pseudo-parallel arrangement of ␣6 helices on the membrane surface (39) (Fig. 6C ), we reasoned that the C termini of ␣3 helices might also be brought close to each other between two neighboring BAK homodimers in the oligomeric pore (Fig. 7A) . To test this, we carried out a CW spin dilution experiment using 96R1 that is located at the C terminus of ␣3 of BAK in the membrane-inserted state (Fig. 7, A and  B) . The average inter-spin distance estimated from the data were ϳ9 Å (Fig. 7B ). The C ␤ -C ␤ distance between the two Glu-96 residues in the BAK homology model of the BH3-ingroove homodimer was ϳ38 Å (see Fig. 7A ). This is beyond the detection limit of the CW spin dilution experiment (ϳ25 Å). Thus, the strong spin-spin interaction observed in 96R1 must be due to the inter-homodimer interactions (Fig. 7B) , confirming the juxtaposition of the two C termini of ␣3 helices between two neighboring BAK homodimers (Fig. 7A) .
Chemical Cross-linking Studies Also Show That the C Termini of Two Nearby ␣3, ␣5, or ␣6 Helices Are in Close Proximity to Each Other, Respectively, in the Oligomeric BAK in the Membrane-To probe the possible oligomerization interface(s) involving the C termini of ␣3, ␣5, and ␣6 helices, which were suggested by the distance measurements above, we adopted the procedures by Dewson et al. (8) (Fig. 7, C and D) . encapsulating FITC-dextran (10 kDa) as described (13) . The same experiments were carried out with unlabeled cysteine substitution mutants. The corrected activity values for the spin-labeled mutants were calculated as described under "Experimental Procedures." The average values of two measurements are shown with the error ranges indicated. The protein concentrations for certain mutants, e.g. 135R1, 137R1, 149R1, and 163R1, determined by the Bradford assay, might have been underestimated due to cysteine mutagenesis and/or spin labeling, resulting in % labeling efficiency ( Fig. 4B ) and/or relative percent release values (Fig. 4C ) greater than 100%.
FIGURE 5. Proximity of helix ␣5 residues in membrane-inserted BAK oligomers. A, spin dilution experiment for helix ␣5 residues. The membrane-inserted BAK samples were prepared with the indicated spin-labeled proteins in the presence (3:4) or absence (7:0) of sBAK/C154S-⌬C-His at the indicated ratio as described under "Experimental Procedures." The area-normalized EPR spectra of the spin-diluted samples (3:4 mixture, black trace) of the indicated membrane-inserted BAK are superimposed to those of the undiluted samples (7:0 mixture, red trace). The ratios of the amplitude of the central line for the 7:0 mixture (h 0 ) to that for 3:4 mixture (h d ) are indicated. The red arrows for 128R1 indicate the splitting of the EPR lines in the absence of the spin dilution (7:0 mixture) due to the strong spin-spin interactions between two 128R1 residues in close proximity in the membrane-inserted state of BAK (see also Fig. 5C ). The hyperfine extrema of the spectrum for the spin-diluted sample (3:4 mixture) are denoted by "im," which indicate a severely restricted tumbling motion (i.e. immobile) in this spin label. B, distances of 124R1, 142R1, and 143R1 in membrane-inserted BAK to their nearest neighbors estimated by the CW deconvolution method. The CW deconvolution method (23) was applied to the spectra for the indicated mutants (red traces, left panel), resulting in simulated fits (black dotted lines on the left panel) superimposed to the spectra for 7:0 mixture of the indicated residues. The corresponding distance distribution functions are shown on the right panel. C, direct spectral simulation of perdeuterated spin label R1-d15 at residue 128 (128R1-d15) for inter-spin distance estimation. The EPR spectra of the BAK Cys-128 mutant labeled with a perdeuterated spin label (R1-d15, top panel) were obtained in the presence or absence of sBAK/C154S-⌬C-His in membrane at the indicated ratios (dotted traces) at Ϫ30°C. The spectrum for the 1:6 mixture was used to calculate the line width and the principal elements of the g and A tensors of the spin label, which gave the corresponding fit (middle panel, red trace). The spectrum from the 7:0 mixture was fitted theoretically with these spectral parameters for the two C2-symmetry-related nitroxides that are oriented relative to each other as defined by the Euler angles ␣, ␤, and ␥ as described under "Experimental Procedures" (29 -31) . This resulted in eight sets of symmetry-equivalent Euler angles that fit the data best, all yielding an identical inter-spin distance of 14.3 Å. Only one set of Euler angles is shown here. D, DEER data for membrane-inserted BAK in the absence of spin dilution. DEER experiments were carried out without spin dilution with the indicated membrane-inserted BAK proteins. The DEER data (left column) were analyzed by the DeerAnalysis program using Tikhonov regularization, resulting in distance distribution functions on the right panel (red traces), which could be best fitted with two Gaussian models (blue traces, right panel) with the average inter-spin distance ϽrϾ and the standard deviation for the shorter distances indicated. The dotted lines superimposed to the DEER signals are the calculated DEER signal for the distance fit. E, angular clustering of certain residues in helix ␣5. Side chains of residues Ser-122, Gly-124, Ala-128, Arg-135, Gln-142, and Arg-143, which show spin-spin interactions for the corresponding R1 residues, are clustered on one side of helix ␣5. Ser-122 is in the loop just upstream of ␣5 N terminus. F, anti-parallel arrangement of two ␣5 helices in the BAK homodimer. The C ␣ carbon atoms of the three residues indicated are shown in spheres on ␣5 helices along with the inter-spin distances for the symmetry-related spin label pairs in the BAK homology model of BAX BH3-in-groove homodimer model (6) .
In the homology model of mouse BAK BH3-in-groove homodimer, residue Leu-69 (Met-71 in human BAK, Fig. 1B ) on helix ␣2 of one BAK molecule is in close proximity to residue Lys-111 (Lys-113 in human BAK) on helix ␣4 of another BAK monomer (Fig. 7A) . The two residues, Leu-69 and Lys-111, are apart at a large distance from their respective symmetry-related partners, Leu-69Ј and Lys-111Ј, respectively (6, 8) . When these two residues were substituted with cysteine residues in BAK (Cys-69/Cys-111), and then oxidized by copper(II)/phenanthroline (Cu(Phe) 3 ), they readily formed a dimer in the membrane-inserted state (Fig. 7, C, D 2 , and F, lanes 7 and 8) unlike in the case of individual mutants (Fig. 7F, lanes 1-4, D 1 ) or in the case of a 1:1 mixture of the two (Fig. 7, F, lane 6, and G) . Typically, D 2 had a slightly reduced electrophoretic mobility than D 1 (data not shown), demonstrating that dimerization of the BAK L69C/K111C double mutant was due to the formation of two disulfide bonds by the cross-linking between two pairs of Cys-69 and Cys-111 that are in close proximity as predicted by the BAK homology model (Fig. 7A) .
When an additional mutation Cys-162 was present in the ␣6 helix of the L69C/K111C BAK mutant, it resulted in BAK oligomers made of predominantly even-numbered BAK monomers upon oxidation (Fig. 7F, lanes 9 and 10) , which were susceptible to the reducing agent 3 and were not readily formed in solution state (Fig. 7G, lanes 9 and 10) . The data showed that an additional disulfide bond was formed between the dimers by the introduction of Cys-162. Thus, these data showed that the oligomerization interface between the dimers involved helix ␣6 in mouse BAK as reported for human BAK (7) . Furthermore, when mutations such as Cys-96 or Cys-143 were introduced to the L69C/K111C BAK mutant, similar results were observed (Fig. 7, H and I) , indicating that Cys-96 and Cys-143 were also at the oligomerization interface. The BAK mutant proteins with Cys-96, Cys-143, or Cys-162 substitution formed dimers readily in the membrane upon oxidation (data not shown). The liposomal release assay showed that all the single, double, and triple cysteine substitution BAK mutant proteins retained their membrane-permeabilizing activity similar to its parent mole- with the average inter-spin distance, the standard deviation and the percent of the spin pairs for the distances indicated. B, proximity of helix ␣6 residues 162R1 and 163R1 in BAK oligomers. The area-normalized EPR spectra of the spin-diluted samples (3:4 mixture, black trace) of the indicated membrane-inserted BAK are superimposed to those of the undiluted samples (7:0 mixture, red trace). The spectra for 162R1 and 163R1 were acquired at Ϫ30 and 22°C, respectively. The data could be best-fitted with one or two Gaussian distance distributions (right panel). Residue 162R1, with a spin labeling efficiency of 74.2 (Ϯ0.6)%, had the interacting spin pairs close to the expected value of 55% (52.3% interacting spins for the single Gaussian fit (red trace) and 50.4% (ϭ10.4 ϩ 40.0) for the double Gaussian fit (black trace). Similarly, residue 163R1 (58.6 (Ϯ1.1)% labeling efficiency), resulted in ϳ35% interacting spin pairs (34% expected) in the data fitting. C and D, pseudo parallel or pseudo anti-parallel arrangement of two neighboring ␣6 helices in the BAK oligomer. Two tilted ␣6 helices are arranged side by side (C) or in a head-to-head orientation (D) with their C termini in close proximity. The average inter-spin distances (dotted arrows) are shown for the indicated pairs of residues (C ␣ carbon atoms in black spheres).
cule (sBAK/C154S-⌬C-His) (Fig. 7E) . Thus, the EPR data above and these cross-linking data here all together support that, in addition to ␣6 helices, the C termini of ␣3 helices and the C termini of ␣5 helices are, respectively, brought into close proximity between two neighboring BH3-in-groove homodimers in the active oligomeric BAK pore (Fig. 7A) .
DISCUSSION
In this current study, we have shown that the intra-and intermolecular distances in the oligomeric BAK in the membrane are consistent with the BH3-in-groove homodimer structure (6) . Furthermore, additional distance constraints between the BAK homodimers provide clues as to how the BAK homodimers might oligomerize to form pores (Fig. 8) .
Our data clearly demonstrated the existence of an additional interface between the membrane-inserted BAK dimers in addition to the "␣6:␣6 interface" (7) (Figs. 5-7 ). This new interface was formed by the carboxyl termini of the ␣3 and ␣5 helices between two neighboring BH3-in-groove homodimers (␣2-␣5 FIGURE 7 . BAK forms symmetric BH3-in-groove homodimers that associate by ␣6:␣6 interactions to generate higher order oligomers in membrane, juxtaposing the C termini of helices ␣3 and ␣5, respectively, between two neighboring homodimers. A, association of the BH3-in-groove homodimers in the membrane is schematically shown. The C ␣ -carbon atoms of the residue locations chosen for cysteine substitution mutation are shown in colored spheres (red and black for Cys-69 and Cys-111, and green for Cys-96, Cys-143, and Cys-162, respectively). The ␣-helices and amino acid locations are indicated with primed and unprimed numbers for the two polypeptide chains in two gray shades, respectively. The double headed arrows indicate cross-linkable cysteines. B, spin dilution experiment for 96R1, a C-terminal residue of helix ␣3. The spin dilution experiment was carried out with membrane-inserted BAK 96R1 samples as indicated. The best fitted one-Gaussian distance distribution (assuming 57.3% interacting and 42.7% non-interacting spins) resulted in the average distance and S.D. indicated. BAK 96R1 had a spin labeling efficiency of 84.9 (Ϯ1.0)% and a specific relative percent release activity of 96.0 (Ϯ6.1)% (see Fig. 4 ). C and D, rationale for the detection of various BAK homodimers and homooligomers by disulfide bond formation. The letter M represents a monomer of BAK. The letter C represents cysteine residues substituted at the indicated locations of BAK. D 2 represents dimers of BAK with two disulfide bonds formed between the monomers, resulting in a slightly reduced electrophoretic mobility than other dimers. M 2n represents oligomers of even-numbered BAKs formed by the polymerization of BAK homodimers. This figure was adapted from Dewson et al. (7) . E, dye releasing activity of the cysteine substitution BAK mutant proteins. Liposome dye release experiments were carried out with the indicated cysteine-substituted sBAK-⌬C-His proteins (5 nM) in the presence of 25 nM N-terminally His-tagged p7/p15 Bid as described under "Experimental Procedures." The average values of two experiments are shown with the error ranges. F-I, cross-linking of BAK in membrane-inserted or in solution state. The indicated BAK single, double, and triple cysteine mutants in solution state (G and I) or in the membrane-inserted state (F and H) were cross-linked by copper(II)/phenanthroline complex (Cu(Phe) 3 ) (34) and were analyzed by Western blotting analysis against BAK after PAGE under a reducing (data not shown) or a non-reducing condition (F-I). In lanes 5 and 6 in F and G, 69Cϩ111C represents a mixture of equal quantity of two single cysteine substitution mutant proteins either in solution (G) or in the membraneinserted state (F). D 1 , D 2 , and 3x, 4x, etc., represent BAK single disulfide-bonded dimer, double disulfide-bonded dimer, trimer, tetramer, etc., respectively. homodimers), thus will be referred to as "␣3:␣3Ј, ␣5:␣5Ј oligomerization interface" (Fig. 8A ). In this interface, residues 96R1 and 143R1 were brought close to their respective neighbors at an average distance of ϳ9 and ϳ13 Å, respectively, as shown in Figs. 7B and 5B. To simplify the modeling of oligomerized homodimers, we examined possible arrangements of the two BAK BH3-in-groove homodimers in a linear oligomer on a flat surface assuming that the R1-R1 distance is the same as the C ␣ -C ␣ distances for the above pairs (96R1-96R1 and 143R1-143R1). By adjusting the inter-homodimer distance and the rotational angle of the homodimer relative to the inter-homodimer vector, the error between the calculated distances and the measured distances for 96R1-96R1 and 143R1-143R1 pairs was minimized (Fig. 8A) . This resulted in a best solution with the inter-homodimer distance of ϳ45 Å and a ϳ15°angle between the inter-dimer vector (C2-axis to C2-axis, i.e. Fig. 8A , line a) and the vector connecting the two symmetry-related 143 C ␣ atoms (Fig. 8A, line b) . Now if the surface is curved tangential to line a, a model of BAK oligomeric pores of various sizes might be approximated (Fig. 8B) .
SDS-PAGE/Western blot analysis of the BAK oligomers formed by the disulfide-mediated cross-linking of the L69C/ K111C/H162C BAK mutant showed that BAK octamers (4 BAK homodimers) were clearly present and perhaps decamers (5 BAK homodimers) as well (Fig. 7F, lane 10) . In the case of L69C/K111C/H162C and L69C/K111C/R143C BAK mutants, unresolved oligomers larger than 250 kDa (ϳ12-mer of BAK, i.e. 6 homodimers) were formed (Fig. 7H ). These results are consistent with the in vivo cross-linking experiments for human BAK protein by Dewson et al. (7) .
If six BAK homodimers are arranged in a hexamer with an edge of ϳ50 Å, a pore with a radius of ϳ25 Å can be constructed considering the thickness of the BAK homodimer (Fig. 8B ). In this arrangement, the distance between two neighboring C2-axes will be ϳ43 Å (Fig. 8B) , close to the value on a flat surface (Fig. 8A ). If the BAK oligomers induce the formation of lipidic pores as suggested by others (6, 19, 40) , the hexamer of BAK homodimers could be arranged within the lipidic pore with the hydrophobic surface of the homodimers interacting with the curved membrane surface (Fig. 8B, bottom) . From these considerations, it is theoretically possible to obtain a BAK oligomeric pore with a diameter of ϳ50 Å, consistent with the reported range of ϳ30 -60 Å (9, 10) . Further studies are needed, however, to define the exact orientation of the BAK homodimers relative to the membrane normal.
Dewson et al. (7) proposed the existence of the ␣6:␣6 interface between the BAK dimers in human BAK oligomeric structure. Recent data by Ma et al. (39) showed that, in the BAK oligomer, the ␣6 helices with a single cysteine amino substitu- FIGURE 8 . Theoretical models of the BAK ␣3:␣3, ␣5:␣5 oligomerization interface on a flat surface and in a pore. A, the best geometry of BAK dimers on a flat membrane surface satisfying the distance constraints for the ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface. Two BAK homodimers, each consisting of two ␣2-␣5 polypeptides in two shades of gray, are brought to each other, satisfying the distance constraints for the 96R1-96R1 and 143R1-143R1 spin pairs at the ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface with the assumption that the R1-R1 distances are the same as the C ␣ -C ␣ distances for the pairs. In each homodimer shown in a top view (upper panel) and a side view (bottom panel), the C2-symmetry axes are perpendicular to a horizontal line (line a) on the membrane surface (coplanar with the page). In the best geometry simulated, the angle between line a and the lines that connect the two symmetryrelated 143C ␣ atoms in each homodimer (b lines) was ϳ15°with the distance between the two C2-symmetry axes of ϳ45 Å. B, a theoretical model of a hexamer of BAK homodimers. Six BAK BH3-in-groove homodimers (i.e. six ␣2-␣5 homodimers in side view of A) are arranged in a hexagonal geometry, forming a pore (only two homodimers are shown). In this geometry, BAK molecules are arranged in a way that the horizontal projections of the b lines of the six homodimers form a hexagon with the edge length of 50 Å, where the indicated distance between the C2-axes would be ϳ43 Å (top view). The radius of the aqueous pore formed by the hydrophilic surface (helices ␣2-␣3) of the BAK homodimers will be ϳ25 Å due to the thickness of the homodimer (ϳ18 Å). A vertical section of a putative lipidic pore, which would interact with the hydrophobic surface of the hexameric arrangement of the BAK dimers, is schematically shown (side view, bottom). tion mutation in human BAK were chemically cross-linked to each other best at certain periodic residue locations such as 157 (155 in mouse) and 164 (162 in mouse), suggesting a parallel arrangement of the ␣6 helices. The cross-linking by cysteine residue at 164 in their report corresponds to Cys-162-Cys-162 cross-linking in mouse BAK in this study (Fig. 7) , which was also supported by the direct distance measurements (Fig. 6) . These results lend credence to the biological relevance of the proteoliposomal system used in this study. Additionally, Dewson et al. (7) reported that the core ␣2-␣5 helices of BAK are sufficient for dimerization but that the ␣6 -␣8 helices are essential for apoptotic function of BAK (39) . The BAK protein construct we used in this study (sBAK/C154S-⌬C-His) have all the above helices except helix ␣9, further supporting the biological relevance of the system.
If the ␣6:␣6 interface is formed by the pseudo-parallel arrangement of two nearby surfaced-adsorbed ␣6 helices as implied by the results from this study and also as suggested by Ma et al. (39) , the C2-symmetry that exists within the BH3-ingroove homodimer (or ␣2-␣5 homodimer) would not apply to helices ␣6-␣9 (Fig. 7A ). This asymmetric association of the ␣6 helices in combination with the ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface between the BAK homodimers might result in a curved oligomer on the flat membrane surface. This could then eventually lead to a circular oligomer by forming the last ␣6:␣6 interface and the ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface between the initiating BAK homodimer and the terminating one. This, in turn, could deform the membrane surface in a concerted motion, or gradually during oligomerization, resulting in the pore formation, probably the lipidic pore (Fig. 8B) . In contrast, if the ␣6:␣6 interface is formed by a pseudo-anti-parallel arrangement as shown in Fig. 6D or by an arrangement that retains the C2-symmetry of the entire ␣2-␣6 domains within a homodimer, it would result in a linear polymerization of the BAK homodimers. This will leave the ␣7-␣9 domains on both sides of the linear polymer of the ␣2-␣5 homodimers on the membrane surface. It is hard to envision how such a linear structure could close to form a pore.
Due to the presence of the ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface between BAK homodimers in the membrane, there is a possibility of simultaneous intra-and inter-homodimer spin-spin interactions even when a singly spin labeled BAK forms the oligomeric pores. For example, if a spin-spin pair, A(1)-A(1)Ј, in homodimer 1 is brought close to a neighboring homodimer 2 with identical pairs, i.e. A(2)-A(2)Ј, it can result in additional inter-homodimer interactions between spin pairs such as A(1)-A(2), A(1)Ј-A(2)Ј, A(1)-A(2)Ј, and A(1)Ј-A(2), which might be revealed by the DEER experiment. We have a hint of such possibility in the DEER data for 135R1, displaying a second distance population (Fig. 5D ). Lack of knowledge in the dynamic nature of the interface(s) and the rotameric conformations of the spin-labeled residue at this location, however, make it difficult to assign these distances to specific inter-dimer interactions.
In conclusion, we have demonstrated that helices ␣2-␣5 of BAK form a homodimeric structure in the membrane similar to the BAX BH3-in-groove homodimer x-ray crystal structure (6) . We have also demonstrated the existence of molecular con-tacts, ␣3:␣3Ј, ␣5:␣5Ј oligomerization interface in the membrane, enabling the formation of a BAK-lipidic pore. These results shed light into the mechanism of oligomerization of the BAK (or BAX), a critical step in the mitochondrial apoptotic pathway.
